Interactions of a massive magnetic monopole with matter are considered. We discuss the possibility of creating the ferromagnetic detector to search for cosmic magnetic monopoles.
Introduction
A concept of a magnetic monopole has been introduced into modern physics in 1931 by Paul Dirac [1] . He postulated existence of an isolated magnetic charge g. Using general principles of quantum mechanics, he has related the electric and magnetic charge values: ge = n 2h c, where e is the electron electric charge,h is the Plank constant, c is the speed of light, n = ±1, 2... is an integer. Numerous but unsuccessful attempts of experimental search for this magnetic monopole on accelerators and in cosmic rays [2, 3] have been done since then. Among them, exotic installations like the steel furnace have been proposed for accumulation of monopoles for subsequent detection [4] . Attempts of search for Dirac's monopole by the ferromagnetic trap and the accelerators have been performed too [5] .
The new interest to this problem has arised in 1974, when Polyakov [6] and 't Hooft [7] have shown that such objects exist as solutions in a wide class of models with spontaneously broken symmetry. Nature of their monopoles is absolutely different from nature of other elementary particles, since they represent a non-trivial topological construction of a finite size, which originates from non-Abel fields. So registration of the Dirac monopoles or estimation of their flux limit could be an essential contribution to construction of the Grand Unified Theory, and as well it would give incentives for solutions of various problems in astrophysics.
The magnetic charge of the Polyakov-'t Hooft monopole is a multiple of the Dirac one g = 2ne/α, and a value of its mass M g lies in the range of 10 8 -10
16
GeV. It is assumed that a large fraction of the superheavy monopole flux at earth's surface can comprise the monopoles gravitationally attracted to the Sun. They have characteristic velocities of v/c ∼ 10 −4 . Such monopoles can pass significant thickness of material without any significant change of velocity.
At present the devices looking for the heavy slowly moving monopoles are superconducting induction detectors such as the Cabrera detector [8] or detectors, based on registration of proton decays induced by the monopole [9] , [10] . Recently the group working with the Baikal lake Cherenkov detector [11] has set the following limit on the flux of heavy magnetic monopoles and the Q-balls, which are able to induce the proton decay: F < 3.9 · 10 . The event, registered by the Cabrera detector, has originated a burst of experimental activity of searches for monopoles of a cosmological origin. However, the significant progress in sensitivity (and corresponding limits on the monopole flux) has been achieved only for ionising detectors [2, 12] . Sensitivity of these detectors comes close to the Parker limit [13] : the observation of only one magnetic monopole per year would require effective area of a detector of about 1000 m 2 . Modern superconducting inductive detectors with the superconducting quantum interference devices (SQUID) using magnetometer techniques to register the particle have an effective area only of the order 1 m 2 . The advanced accelerator experiments [14] have looked for production of monopoles by searching for the high ionization tracks that would be produced by monopoles created at high energy collisions. The first study of such a kind was made by the L3 experiment at the LEP e + e − collider by searching for the Z → γγγ decay going through monopole loop [15] . It resulted in the 95% confidence level for lower mass of 510 GeV for pointlike spin 1/2 monopoles. Further, the D0 collaboration has searched for central production of a pair of photons with high transverse energies in pp collisions at √ s = 1.8 TeV using 70 pb
of data collected with the D0 detector at the Fermilab Tevatron. They observe no excess of events above background, and set 95% C.L. lower limits of 610, 870, or 1580 GeV/c 2 on the mass of a spin 0, 1/2, or 1 Dirac monopole respectively [16] .
In this paper we discuss the interaction of slow-moving magnetic monopole with ferromagnetic and other media and a possibility to create the detector for magnetic monopole searches.
Ionizing and Cherenkov energy losses
Ionization and Cherenkov losses of the monopole in matter were considered by many authors [17] - [19] .
The charged particle energy loss due to Cherenkov radiation per unit length is:
where e is the particle charge, c med is the electro-magnetic wave velocity in a matter.
For v >> c med Eq. (1) gives
here λ is the length of a Cherenkov radiation wave in vacuum. The Cherenkov radiation of electrical charge in isotropic ferromagnet (ferrite ) is given by
What should be expected in case of monopole movement in a magnetic medium? In case if
then for the magnetic charge radiation we obtain the expression [17, 19] 
Hence, for the ratio of the magnetic charge radiation to electrical we have
Such an approach meets the idea of duality
and we shall adhere just such an agreement herein. A heavy slow monopole can not emit usual Cherenkov radiation in a ferromagnet. It is due to high value of the phase velocity of electro-magnetic waves in ferromagnetic, about c/10, which is always much more than the monopole velocity.
For the fast monopole, the intensity of losses is appreciably (2n/α, i.e. about in 4700 times! ) exceeds the loss of mip's. However, practically for all magnitodielectrics, the Cherenkov radiation threshold velocity appears to be about 0.1 c, that is of no interest for the search of cosmic slow heavy monopoles, the speeds of which do not exceed 10
c. The monopole ionization loss is given by [20] :
As was already mentioned, the energy loss of ultra-relativistic monopole is 4700 times higher, than of a particle with Z = 1 in the ionization minimum ( it is about 2 M eV g·cm 2 ). However, because monopole is a very heavy particle, it is practically always non-relativistic.
For the maximum of monopole velocity v it is natural to take the velocity of the Sun relatively to the relict radiation v c ≃ 10
We shall remind, that the "virial" velocity for our Galaxy does not exceed 10
too. Now from the Eq. (7, 8) it is possible find the ionization energy loss of monopole
Thus, for the monopole with velocity 10
c we have
And for the monopole with velocity 10
c the loss is already
This is certainly very small loss, and registration of heavy slow magnetic monopole by ionization in matter is practically impossible.
The Drell effect and the Penning effect
Some expansion of the ionizing detector sensitivity for slow monopoles is reached due to the Drell effect [21] . The essence of the Drell effect is in following. Let assume, that monopole fly near the helium atom. In a strong magnetic field of monopole by the Zeeman effect occurs a crossing of main and excited levels. Under the action of a magnetic field, which is variable in time, and due to of some non-adiabatic of process it is possible the electron transition in a excited level. After monopole passage some of helium atoms in state with energy an order of 20 eV are excited. An dope of a gas with the ionization potential smaller, than the excitation energy of helium atom, results in this gas (quenching gases-CH 4 , CO 2 or n − pentane) ionization by collision with excited helium (the Penning effect). Therefore an ionization can be detected as by direct methods, as by the radiative recombination. The gas counters for cosmic monopole registration on the Drell effect base were created and used in a number of experiments [3] . In detail the ionization and Drell effect are discussed in [2] . There the review of experiments on search of the massive monopole is addused too. We shall discuss some new mechanisms of the energy losses of slow monopole now. And on this base we shall discuss than an idea of a new type detector construction of slow monopole as well.
Excitation of spin wave Cherenkov radiation by the heavy magnetic monopole
As well known, the slowly moving heavy monopole cannot emit usual Cherenkov radiation in ferromagnetic media, because the phase speed of electromagnetic waves is of the order c/10 and always much faster than the monopole speed. We shall consider the slow monopole passage an ordered magnetic matter [23] . In such case a main mechanism of kinetic energy loss is the Cherenkov radiation of magnons. This is because the magnon phase velocity reaches zero and the coupling of monopole to magnons is linear and large.
For definiteness we shall consider a ferromagnet, but the evaluations below are of more general character.
Magnon's Hamiltonian in presence of magnetic field of a moving monopole can be written in the form
where a † k -operator of a magnon creation with a wave vector k, ω k -his dispersion law, Ω k = kv, v-vector of a monopole speed and f k -coupling factor of a monopole magnetic field B = g∇ 1 r with magnon. The magnon energy, radiated in a unit of time, is
Let the monopole velocity v be directed along the direction of the spontaneous magnetization, along Z-axis. The general case is investigated absolutely similarly and the result differs only by a factor close to 1. Then
here a is the lattice constant, V is the sample volume, S is the spin size on the node and µ B is the Bohr magneton. Taking into consideration Eq.(12) the equation for ǫ can be written as
The integration in Eq. (13) is performed on the first Brillouin zone. If v ≥ u, where u -magnon velocity near a border of Brillouin zone, then the magnons with large k are essential. Then
where the frequency
ha 3 characterizes magnetization of media [24] ,
here k ⊥ = (k x , k y ), andω has the value about maximal frequency of magnons.
we obtain
where τ = a/v is the characteristic time of interaction.
The typical values for magneto-ordered dielectrics are such:ω ≃ 10 From Eq. (14) it is clear, that the losses ǫ and dE/dl grow with slowing down of monopole. When the speed v becomes v < u, the main contribution to losses contribute the magnons from "the bottom" of the spectrum.
For them, ω k = ω ex (ak) 2 , where ω ex is the frequency, characterizing the exchange interaction [24, 25] , and the expressions for losses acquire the shape:
As one can see, the energy losses per unit of a length became a constant with decrease of the monopole speed. The characteristic speed values will be:
cm and for v/c ≃ 10
We'd like to stress, that the square-law for a magnon dispersion leads to a non-trivial spatial structure of the Cherenkov radiation field of the spin waves. The structure of the radiation field is similar to a shock wave and moving in front of the charge radiation. The radiation field for the square-law dispersion advances charge and is not equally to zero before charge. It is due to that for the square-law dispersion the group velocity of a wave is more then phase velocity and more than velocity of a charge movement. From these evaluations it is clear, that a level of energy losses of the slow magnetic monopole in the magneto-ordered matter can be comparable to the ionization losses of a fast monopole. This opens new opportunities for construction of detectors of the monopoles in the range of velocities v/c < 10 . Note, that conversion of the spin waves to electromagnetic ones [25] permits to detect a monopole passing through a magnetic layer by traditional techniques.
Excitation of Cherenkov acustic (phonon) radiation by
the magnetic monopole
Radiation due to the polarization of matter
For estimation of energy losses by radiation of sound waves (excitation of phonons) by the monopole moving through isotropic matter, we shall write the Hamiltonian of an elastic system in an external field as follows
Here n + ∆ are the numbers the closest neighbors to the node n,
We shall estimate the strength of the force F(r n ), acting from the monopole to the given node, as follows. First, we shall assume that this force is located on one node (it's short-range nature allows this):
Secondly, at rest this force causes deformation, and the affected node is shifted by
and, assuming the deformation energy to be ǫ def ∼ Aδa
2
, we have the force as
The Hamiltonian Eq.(19) can be expressed similar to Eq.(10)
but now: A † k is the operator of phonon creation with the wave vector k, ω k is it's dispersion, Ω k = kv, v is the vector of monopole speed, and f k is the coupling factor of the magnetic monopole field B = g∇ 1 r with the phonon. We shall write the following expressions for them:
Accordingly, the energy of phonons, radiated in a unit of time, is equal to
where a is the constant of the lattice a
Using the evaluation from Eq. (23), for F we shall obtain:
Now from decomposition Eq.(27) at small k and using Eq. (26) it is possible to express A/M through speed of sound. As a result Eq.(30 ) acquires the shape
whereω a is the frequency limit for phonons, Z is the number of nearest neighbors.
is about the Debye temperature in energy units, then:
which is a little less than loss by radiation of magnons.
Radiation due to the atomic shell deformation by monopole magnetic field
In strong magnetic field an atomic shell loses its spherical symmetry and takes a form of an ellipsoid of revolution with elongation along the field direction. Let evaluate the value of distortion. The size of the area of electron localization λ H in the magnetic field is defined by the uncertainty ratio λ 
Thus, we can define the localization size as
what we compare with Bohr radius:
An atom size in the direction orthogonal to the magnetic field ( H ≥ H c ) is defined as λ H . At fields appreciably below H c the size is determined by a coulomb field of a nucleus and corresponds to the size of the Bohr orbit. As evaluation of the atom size in the field H << H c , but enough strong, we use a following construction (which has the rights asymptotics):
So at λ H >> r B we obtain:
On a critical radius of the sound waves λ c = c s /ω a the field is of the order of 10 
We assume that the equilibrum density is defined by the atom size in corresponding direction. Apparently, in the plane orthogonal to the field atoms density is in r 2 B /r 2 times greater, than in absence of the field. It causes a tension
Here χ ≃ 1/Y is a compressibility, and Y is a Young's modulus.
For simplicity we consider a single dimension case. Let direct an external pressure P (t) along the normal to a half-infinite border between vacuum and material with density of ρ g and the Young's modulus of Y ). The displacement ζ 0 of a layer under action of pressure P is
Here c is the speed of the longitudinal sound wave:
The energy E a , tranfered to the acoustic Cherenkov radiation by the force of magnetic pressure on a distance of λ c is
Substituting Eq.(37) into Eq.(42) we find we obtain:
For para-and ferromagnetics all above is valid under condition of an adiabatic spin flip in the monopole field. To satisfy it the spin precession frequency in the monopole field should be much higher, than the inverse interaction time
Here a -a lattice constant. Otherwise in expression for monopole power loss should enter the factor of the order (ωτ ) 2 , which can appreciably desrease the monopole energy losses in the para-and ferromagnetics
Interaction of the massive monopole with a superconductor
The monopole leaves "a tail"-a magnetic field string, as it transverses a superconductor. It is the Abrikosov vortex, which is filled by a normal phase and by a monopole magnetic flux. A vortex core radius is determined by a coherent length ξ, and a tube effective radius of magnetic flux which is the London penetration depth λ L
Thus, energy loss of the slow monopole in the superconductor is made up from two components: -Braking by magnetic string tension, -Loss due to destruction of the condensate of Cooper pairs and formation of the core of the normal phase.
The magnetic string loss is
Using a typical value of λ L = 10
cm, and Φ 0 = 4 · 10
The losses due formation of the core of the normal phase is
here ∆E is the gap width, n s is the density of superconducting carriers. For typical suprconductor parameters we estimate the value of the energy losses to be of the order of 10 7 eV /cm . To be accurate, it is nessessary to include surface energy on the core border of the Abrikosov vortex into dW n dl . However, it is clear, that the answer will remain within the same order of magnitude.
At the London length λ L = 10
cm the pressure of a magnetic field is relatively small and the losses on the Cherenkov acoustic radiation can be neglected.
Monopole interaction with usual (bulk) conductors
When the monopole transverse a normal massive conductor, he loses energy on the Joule heat. Besides that, the braking force acts on it as well as in superconductor from the side of a magnetic field of the induced currents.
The thickness of a skin layer in conductor is described by expression
where σ is the conductivity, µ the permeability and τ period (pulse duration) of the magnetic field. We can express τ as
where v is the monopole velocity. Substituting Eq.(50) into Eq. (49) gives the expression
This length have a simple physical meaning -at distances less then δ c the monopole field can be considered as free with an accuracy to the permeability of a matter, and at distances of δ c and more it will form the magnetic tail of the monopole, as an analogue of the string in superconductor. Due to the finite conductivity of a matter the tail gradually dissipates and energy of the magnetic field transformes into Joule heat.
It is easily to show, that for typical parameters of a conductor currentcarrying ability of a metal layer with thickness δ c is enough to keep the monopole flux in a tube with a radius of the order δ c .
As a critical length known, it is easily to evaluate monopole energy losses in conductor. In the cross section of diameter of the critical length magnetic field is
Accordingly, the monopole energy loss due to the tail formation (friction in the magnetic field ) is 
7 Magnetic track formation by the slowly moving monopole in ferromagnetic
It is expected that a slow monopole, moving through a transversely magnetized ferromagnetic film, should leave a distinctive track of magnetization in it. We can use this phenomenon to design of an effective detector of the massive cosmic monopoles. To do this we make a close look at the mechanism of magnetic track formation.
Quasistatic approximation.
Consider a thin layer of light-axis hard ferromagnetic magnetized perpendicularly to surfaces along a light axis. It is easy to see that the external magnetic field is absent (double layer!), but the surface density of a magnetostatic energy of such configuration is rather large. Therefore such a magnetization configuration appears more expedient energetically, when the magnetic film is split into a system of magnetic domains. Magnetizations of the domains are also orthogonal to the surface and is directed along the easy axis, and have opposite signs in neighbouring domains [26] .
The domain characteristic size is determined by a condition of minimal total energy per an unit of the film surface. For ferrogarnet films a characteristic scale of a domain structure is about 1/100 mm. And the total energy of a film decreases more than 1000 times by creation of the domain structure.
However, if the anisotropy constant K u is reasonably large, and the effective field of anisotropy exceeds the value of demagnetizing field
then the system is in a metastable state. Therefore for domain formation it is necessary to have a magnetic bubble with magnetization opposite to the film magnetization and parallel to the demagnetizing field. In Eq.(55) the parameter I s is magnetization of the film material and µ 0 is permability.
It turned out, that the size of such magnetic bubble should be finite and not very small. For simplicity we consider a magnetic bubble of cylindric shape of radius r , with axis orthogonal to the film surface and its magnetization is opposite to the film magnetization. Then the total energy of the magnetic bubble can be found as
where N is a magnetization factor of the domain, r a radius of the domain, h the film thickness, γ the density of surface energy of the domain wall. The magnetic bubble size can be evaluated from the condition
If we use for the unmagnetization factor the following approximation
then as solutions Eq.(57) we have two values r of the domain radius. The first value is the radius of collapse r c , below which the state of the domainmagnetic bubble is unstable and collapses
And the second solution gives us the equilibrium radius r eq
At h >> r 0 we can find from Eq.(59) and Eq.(60)
As one can see, we have introduced here some characteristic radius
which defines the minimum radius of collapse. From non-negativity of the underroot expression in Eq. (59) we obtaine, that the minimum width of a ferrolayer, in which a cylindrical domain can exist, is
It is necessary to emphasize, that in a zero external magnetic field, the cylindrical magnetic domain is unstable and turns into a stripe domain [27] .
Let us evaluate the orders of magnitudes:
So r 0 will be of the order 10
cm or 10 nm. And the collapse radius is yet less for "thick" enough films! Thus, at film thickness about 100 nm we shall have a cylindric magnetic domain with characteristic size of the order of 30 nm. What is the monopole field at such distance?
that is enough without any doubt for re-magnetization of a material with coercive force of the order of 1 Oe. The existence of minimum radius hinders the fluctuational creation of microscopic domain -magnetic bubbles, which could create a quasi-periodic domain structure of the magnetic film. In this sense, a homogenically magnetized film can be quite stable against splitting into structure of magnetic domains. All abovementioned is true for films with high mobility of domain walls. Films with low wall mobility are even more stable, and at the same time, domains with radius less then the collapse radius can exist in them, in principle. So, in the Co/Pt films the movement of domain walls is suppressed. And in the 20 nm film the transverse domains of cylindric form with diameter of the order of 50-100 nm are obtained. We note here, that the coercitive force of the light-axis Co/Pt film is of the order of 1-2 kOe.
Track dynamics -domain formation
However, these speculations are true only in static, for very slow monopoles only. As we noted before, the characteristic speed of a monopole is v ≃ 10 c. The time of monopole interaction with an electron τ can be defined as the time, during which a field higher than some critical field H c interacts with the electron
At H c of the order 3 · 10 3 Oe we have τ ∼ 3 · 10
s. It means, that the spin-flip of the magnetic in the "track" takes place during the interaction time. For such spin-flip, the adiabatic condition is necessary -the frequency of spin precession in the overturning field should be much larger than the inverse time of the interaction:
It is possible to derive from here the minimual magnetic field which is appropriate for the adiabatic mode, and the track radius:
In our case at v ≃ 10 c. We shall consider the influence of a conductivity of the film matter now. The reason is that the monopol magnetic flux is being frozen into the cylindric area around the track axis and then diffuses radially. The radius of the "flux pipe" and the diffusion factor of the flux are determined by the film conductivity. The radius of the flux pipe δ c , as follows from above, we can find:
As was noted already, this length has a simple physical meaning. At distances less than δ c the monopole field can be considered as free. At distances of the order of δ c and more, the magnetic tail of the monopole is formed, which is an analogue of a string in a superconductor. Due to the finite conductivity of matter the tail gradually expands and the energy of a magnetic field converts into heat. At the monopole speed about v ≃ 10 −4 , the flux pipe has the radius of the order of 10
cm. The flux pipe expands with time as:
Thus the magnetic moment of the track is conserved, as well as the frozen flux. It is easy to calculate the average intensity of the magnetic field in the flux pipe immediately after monopole flight
Characteristic time of the monopole interaction with an electron in the conductor is:
and the field, providing the adiabtic inversion of the magnetic spin in a track will be:
Thus, the field frozen in the conductor H c can affect appreciably the process of spin-flip in the track and provide the adiabatic spin-flip of electrons in the magnetic at monopole speeds below 10 −4 c. Besides, it can render a certain influence on dynamics of the domain walls in conducting films with high mobility.
Track readout
So, the domain induced by the monopole flight has the characteristic size of the order of 50 nm and magnetization about several thousand Oe. Then the domain magnetic flux Φ d will be of the order:
For readout of such a flux we can use the high sensitive fluxmeter on the basis of superconducting quantum interference devices -SQUIDs or magnetooptical devices on the basis of Kerr effect (the rotation of the light polarization plane at reflection from a surface of ferromagnet which is magnetized perpendicular to the surface). Note that the second way is technically easier and does not require cryogenic maintenance. In the last case for detector realization we need surfaces, covered with a thin layer of light-axis magnetized magnetic media plus a magnetooptic device for readout of the film transverse magnetization (direction of the domain magnetization!) with a system of the high-resolution positioning.
A similar technique has emerged recently in an almost ready shape, suitable for a detector design with minimum adjustment. These are the magneto-optic recording technologies used in modern magneto-optic disks [28] and the appropriate readout devices.
Conclusion
This paper analyzes the mechanisms of the energy losses of the massive slow moving monopole in matter. In general this study applies to the magnetoordered matter -ferromagnets, as well as conductors in normal and in superconducting state. New effective mechanisms of energy losses of slow magnetic monopole are considered: -Cherenkov excitation of spin waves at monopole passage through the magnetoordered magnetic, -Excitation of Cherenkov acoustic radiation due to polarization of the matter and due to the atomic shell deformation of the matter by the magnetic field of the monopole.
The interaction of monopoles with films of magnetic materials is considered, in particular the interaction of slow monopoles with thin films of light-axis magnetics with high mobility of domain walls (materials with cylindric magnetic domains) is discussed. It is shown, that at passage of the slow massive monopole through a magneto-hard magnetic film, the track-domain with the characteristic size of the order of 50 nm and magnetization of about several thousand Oe can be formed. Thus the magnetic flux of the track appears to be about the value of the flux quantum. For readout of such a flux, detectors using fluxmeter on the basis already widely known SQUIDs can be used. However, for registration of traces of slow cosmic monopoles in magnetic matter, the experimental devices using the Kerr magneto-optical effect are more preferable, in our opinion. They resently have emerged in a shape suitable for detector design provided appropriate adjustment.
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